Abstract: Aulacoseira ambigua abundance and filament length were measured weekly during spring and autumn bloom periods in Trout Lake, Wisconsin, USA. In addition, several chemical and biological variables thought to influence A. ambigua growth were assessed. Results of the field-based observations were complimented with controlled laboratory experiments to evaluate the effects of phosphorus availability on A. ambigua growth. Relative to the autumn bloom period, A. ambigua colonies were generally larger and more abundant in spring prior to the termination of the bloom in June. Chlorophyll-a concentrations indicated that other phytoplankton were also more abundant during the spring bloom. Batch culture experiments indicated that increased phosphorus availability during the spring bloom contributed to the seasonal increase in A. ambigua filament length and abundance. Increase in A. ambigua filament length in response to increased phosphorus availability is discussed as a mechanism that may increase nutrient removal through sedimentation and subsequently decrease the efficiency of nutrient regeneration in higher productivity lakes.
Introduction
Aulacoseira ambigua (Grunow) Simonsen is a planktonic, centric diatom common in freshwater systems of moderate productivity (Camburn & Kingston 1986 , Fritz et al. 1993 . The cylindrical cells of the organism are joined to form long filaments that are generally most abundant in spring and autumn in dimictic lakes (Siver & Kling 1997) . Results of batch culture experiments indicate that A. ambigua prefers higher temperature and light intensity relative to other members of the genus (Shear et al. 1976) .
While some of the temporal and spatial patterns of A. ambigua distribution have been described, little is known about factors that influence the filament length, defined here as the number of cells per filament. Turkia & Lipistö (1999) reported that changes to the size of individual cells of A. ambigua correlated to changes in nutrient abundance based on samples collected during mid-summer from a series of Finnish lakes. Most relevant to the current project is the work of Davey (1987) who examined the filament length of a related species, Melosira granulata (Ehr.) Ralfs, now classified as Aulacoseira granulata (Simonsen 1979 ). Davey (1987) found that M. granulata formed longer filaments when exposed to increased turbulence, longer photoperiod, and more dilute medium, but filament length was unaffected by changes in light intensity. He also reported that filament length increases, triggered by nutrient depletion, lead to a higher sinking velocity for M. granulata. Davey & Crawford (1986) had previously reported that the production of morphologically distinct valve junctions (separation valves) within M. granulata filaments led to filament separation upon the division of the cell containing the separation valve. Thus, the frequency of separation valve formation determined the size of colonies formed by M. granulata. Seasonal trends in A. ambigua filament length and the effect of environmental variables on filament length have not been reported.
Understanding the factors that control A. ambigua abundance and filament length is particularly important given the biogeochemical impact of large diatoms such as A. ambigua that comprise the spring diatom bloom in temperate lakes. Through sedimentation, spring diatom blooms can remove a significant fraction of phosphorus (P) from a lake early in the season (Kufel 2001 ). This removal subsequently limits the amount of P available for recycling in the photic zone, the principle source of P to primary pro-ducers during the stratified period (Kamarainen et al. 2009 ). Reynolds (1998) referred to the removal of P from the water column through sedimentation of the spring diatom bloom as a nutrient-sponge which influences the community composition of phytoplankton during the stratified period. Conley et al. (1993) used the Laurentian Great Lakes to illustrate how spring diatom abundance increased over time in response to increased nutrient loading and showed how this increase lead to the depletion of dissolved reactive silica (DRSi) in the water column of these systems. Conley et al. (1993) also suggested that the observed increase in diatom production, resulting from increased nutrient abundance, could decrease the efficiency of nutrient recycling in more productive systems. Of course, efficiency would only be reduced if the increased spring diatom production also resulted in greater nutrient removal through sedimentation, which does appear to be the case in the Great Lakes based on the long-term decline in summer DRSi (Shelske 1988) . It was suggested that the mechanism by which this occurs could be through diatom sedimentation triggered by silica depletion (Conley et al. 1993) . The nutrient-sponge analogy can be used to describe this mechanism: the capacity of the sponge is a function of the extent of DRSi depletion. More intense DRSi depletion leads to greater diatom sedimentation in the spring and less efficient nutrient recycling on an annual basis. Changes in diatom size may be a factor contributing to higher sedimentation rates under Si limitation because some diatoms form larger colonies when limited by Si availability (Holm & Armstrong 1981 , Tilman et al. 1976 .
Trout Lake is an ideal system to further investigate the variables that influence the extent of nutrient depletion through diatom sedimentation for several reasons. In Trout Lake, particulate biogenic silica (PBSi) sedimentation is closely correlated with P export, the fraction of P fixed through primary production that is removed via sedimentation (Poister & Armstrong 2003) . Thus, diatom sedimentation is the principle mechanism of nutrient removal from the water column in this system. However, PBSi sedimentation is not closely correlated with PBSi concentrations in the water column. In Trout Lake the spring diatom bloom consistently results in higher relative rates of sedimentation when compared to the autumn bloom based on sediment trap deployments at 26 m (Poister et al. 1994) . A comparison of the two bloom periods thus provides an opportunity to evaluate the factors that influence diatom sedimentation. If the mechanism proposed by Conley et al. (1993) is correct, one would expect to see greater silica depletion during the spring bloom relative to autumn. Previous works on Trout Lake suggest that diatom size is also an important factor influencing sedimentation. Poister & DeGuelle (2005) showed that the size distribution of PBSi shifted to larger size fractions during the spring diatom bloom relative to the autumn bloom. These results were interpreted as evidence that the seasonal growth of larger diatoms was a factor contributing to higher spring sedimentation rates. This observation is consistent with studies that show diatom settling velocity is influenced by size (Davey 1987 , Larocque et al. 1996 , Smayda & Boleyn 1966 . Finally, investigating diatom sedimentation in Trout Lake is simplified by the fact that the population of large diatoms is dominated by a single species, A. ambigua. Thus, examining the factors that influence A. ambigua abundance and size can provide insight into the factors that control the extent of nutrient removal through diatom sedimentation which is well documented in the system.
The goal of the current project is to quantify temporal trends in A. ambigua filament length and abundance during the spring and autumn bloom periods in Trout Lake to see if these temporal trends contribute to the previously described trends in diatom colony size and sedimentation observed in the system. In addition, a combination of fieldbased observations and controlled laboratory experiments are used to assess the impact of specific environmental variables on A. ambigua. Several parameters were measured in Trout Lake as potential controlling factors for filament length and abundance. DRSi concentration was measured because Aulacoseira has been shown to have a high silica demand relative to other diatoms (Kilham 1990 ) and because large centric diatoms have been shown to play a key role in silica cycling in lakes (Miyajima et al. 1995) . In addition, DRSi depletion has been proposed as a factor leading to increased diatom sedimentation as described above. The abundance and community composition of crustacean zooplankton was measured because the presence of Daphnia has been shown to induce colony formation in some green algae (Hessen & Van Donk 1993 , Lampert et al. 1994 ). In addition, it is possible that direct grazing on Aulacoseira can alter filament length (Bailey-Watts & Kirika 1981) . The concentration of particulate chlorophyll-a was measured to assess algal standing stock and as an indirect measure of nutrient availability.
Materials and Methods

Field-based observations
Located in the Northern Highlands Lake District of Wisconsin, Trout Lake has a surface area of 2.68 10 6 m 2 and a maximum depth of 35.7 m (Robertson & Ragotzkie 1990) . The lake has been classified as meso-oligotrophic based on annual primary production measurements (Adams et al. 1990 ). Sampling was conducted at the deep hole of the south basin of Trout Lake at weekly intervals from 5 May through 5 July and again from 13 September through 8 November, 2006. The spring and autumn sampling periods correspond to periods of increased abundance of large diatoms observed in previous years (Poister & DeGuelle 2005) . On each sampling day, measurements of water column temperature were taken at 1 m intervals to a depth of 30 m. Samples for biological and chemical mea-surements were collected from 1, 6, 11, and 16 m depths using a van Dorn sampler. These sampling depths were chosen to include samples from each vertical layer of the lake during stratification and from throughout the photic zone. During the sampling period, the depth of 1% photosynthetically active radiation (PAR) penetration was <11 m (LTER-NTL Data Set; University of Wisconsin Board of Regents 2012). Values reported for biological and chemical variables are the average of measurements from each depth unless otherwise specified.
To measure Aulacoseira ambigua abundance and filament length, 9-10 L of water was collected from each depth and passed through a 20 μm nylon mesh. The total volume passed through the mesh was measured by collecting the filtrate in volumetric containers. The retained particles were then washed into a preweighed glass bottle using 100-200 mL of water. Each bottle was reweighed to determine the volume of the sample assuming a sample density of 1 g mL 1 . Each sample was then preserved by the addition of 2 mL of Lugol s solution. A 1 mL subsample was later removed from each preserved sample and examined with a light microscope using a gridded Sedgewick-Rafter chamber to calculate A. ambigua abundance at each depth. In each sample, the number of cells per colony was recorded for a minimum of 100 colonies to determine the average filament length of A. ambigua. To calculate cell abundance in the preserved sample, the total number of cells counted was divided by the volume of the sample that had been analyzed. This volume was determined by counting the number of squares examined within the chamber which varied depending on the density of colonies. The ratio of the volume of sample passed through the mesh to the volume of the preserved sample was used as a dilution factor to calculate cell abundance in the lake based on analysis of the preserved sample. The sieving method of sample collection was used to create a concentrated sample containing >100 A. ambigua colonies in a 1 mL subsample. To test the accuracy of the sieving technique, several whole water samples were collected for comparison to sieved samples. It appears that the sieving technique retained most of the colonies from the sample and there was no significant difference between the abundance measured by the two sampling techniques (p>0.05). Preserved samples were analyzed within a week of collection to minimize filament breakage associated with prolonged storage in Lugol s solution (Bailey-Watts & Kirika 1981) . Scanning electron microscope (SEM) analysis of selected samples collected during the spring and fall bloom periods verified that both blooms were dominated by A. ambigua.
Zooplankton samples were collected from 1, 6, 11, and 16 m depths by pooling two casts at each depth of a 30 L Schindler-Patalas trap fitted with a 60 μm mesh net. Samples were preserved by addition of 20 mL of ethanol. For organism identification and enumeration, a subsample of each preserved sample was strained through a 20 μm nylon mesh and rinsed into a Bogorov counting chamber for examination with a light microscope.
Water samples were collected then processed immediately in the lab for chlorophyll-a and DRSi analysis. Particles for chlorophyll-a analysis were collected on 47 mm GF/F filters that were then frozen in glass vials until the analysis was performed. Samples for DRSi analysis were passed through a 47 mm, 0.2 μm pore size polycarbonate filter and refrigerated in polypropylene bottles until the analysis was performed. DRSi concentration on filtered samples was determined using the molybdosilicate method (Clesceri et al. 1989) .
The concentration of particulate chlorophyll-a was determined by extraction followed by high-performance liquid chromatography (HPLC) analysis. An 8 mL aliquot of HPLC-grade acetone was added to each frozen filter followed by 5 min of sonication. Filters were then stored in acetone for 24 h at 20°C. Following the extraction period, each acetone solution was filtered through a 0.2 μm pore size teflon cartridge filter into a 4 mL amber vial for HPLC analysis. Chlorophyll-a separation and quantification was performed using two 10 cm C 18 columns in series as described by Poister et al. (1999) . A chlorophyll-a standard was created by dissolving pure, solid chlorophyll-a (Sigma-Aldrich Chemicals) in HPLC-grade acetone followed by appropriate dilutions. The concentration of chlorophyll-a in the dilute standard was calculated from the measured absorbance at λ=662.7 nm using the extinction coeffecient of 88.15 g 1 cm 1 (Jeffrey et al. 1997) .
Laboratory experiments
Aulacoseira ambigua cells used for culture experiments were established from a single colony isolated from a sample collected from Trout Lake in October 2008. Colonies were grown in Chu-10 medium (Stein 1973 ) with continuous swirling in an orbital shaker. Culture flasks were maintained at 13°C and exposed to 23 μmol photons s 1 m 2 in 16 h : 8 h light : dark cycles. These conditions are consistent with the environment the organisms encounter in the lake during the spring bloom with regard to temperature ( Fig.  1 ) and light intensity (LTER-NTL Data Set). All cultures used for experiments were nonaxenic, giving positive tests for bacteria when added to peptone medium (Guillard 2005) . Based on the results of the 2006 Trout Lake sampling, a controlled batch culture experiment was designed to evaluate the impact of various levels of P availability on A. ambigua growth. A batch culture experiment was used so that P depletion would be achieved through nutrient uptake by the growing cells. In the experiment, A. ambigua cultures were grown in one of four medium treatments containing P at 2X, 1X, 1/2X or 1/10X the normal concentration of P in Chu-10 medium (1.8 mg P L 1 ). Each treatment consisted of 5 replicate flasks containing 25 mL of medium and 1 mL of starting culture in a 250 mL culture flask. Following the addition of the source culture, cells were grown under the conditions described above and flasks were sampled at two day intervals. A 1 mL sample was withdrawn from each flask and preserved with 20 μL Lugo s solution. Each sample was then examined with a light microscope using a Sedgewick-Rafter chamber. For each sample, a minimum of 100 colonies were examined to determine filament length. Based on the volume of sample counted, the abundance of cells in each replicate was calculated. The experiment was ended when abundance remained constant between successive sampling days indicating that the cells had achieved maximum abundance.
Results
Field results
Water column temperature measurements indicate that stratification in Trout Lake began in mid-May and persisted through the end of October (Fig. 1) . The collection depth for biological and chemical samples encompassed all layers of the lake during the stratified period. The range of temperatures encountered during the spring and autumn bloom periods was similar with a more rapid temperature increase in spring relative to the more gradual temperature decrease in autumn.
Aulacoseira ambigua reached maximum abundance of 230 cells mL 1 (average of four sampling depths) on 23 May then declined to 9 cells mL 1 by the end of the spring sampling period (Fig. 2) . In autumn, abundance increased gradually during the sampling period with the highest abundance of 128 cells mL 1 measured during the final sampling in November. During the autumn bloom period, A. ambigua were evenly distributed across all depths of the water column. However, during the spring bloom, A. ambigua abundance increased with depth. At its peak (23 May), A. ambigua abundance at 1 m was 112 cells mL 1 and 399 cells mL 1 at the 16 m sampling depth. Aulacoseira ambigua filament length showed marked differences between the two sampling periods (Fig. 3) . The longest filaments, 17 cells filament 1 , were collected on 30 May, one week after peak abundance. Filament length then decreased to the spring minimum of 9 cells filament 1 on 27 June. During the autumn sampling period, A. ambigua colonies were generally smaller than spring with the longest filaments of 14 cells filament 1 collected on 18 October. On all other autumn sampling days, filament length was between 10.5 and 12.5. During spring, filament length generally increased as A. ambigua became more abundant, but in autumn filament length decreased toward the end of the sampling period while abundance continued to rise.
The concentration of particulate chlorophyll-a showed seasonal trends that reflect changes in the algal standing stock during the sampling periods (Fig. 4) . The highest chlorophyll-a concentration of 5.5 nmol L 1 was measured on 17 May, following ice-out and before stratification had been established. Throughout the remainder of the spring period, chlorophyll-a concentration decreased with a marked drop in concentration at the end of May. During the fall period, the chlorophyll-a concentration was initially slightly higher than at the end of the spring sampling period and gradually decreased through the beginning of October. During the second half of the fall sampling period, chlorophyll-a concentration steadily rose to a high of 4.3 nmol L 1 measured on the final sampling day. DRSi concentration was generally higher throughout the spring sampling period relative to the early autumn ( Fig.   Fig. 2 . Aulacoseira ambigua abundance (cells mL 1 ) in Trout Lake, 2006: (a) all measurements, note contour scale difference for spring and autumn intervals, * =sampling points, (b) average of samples from all depths. 4). DRSi concentration declined slightly during the spring period and further decreased between the end of spring sampling in July and the start of the autumn sampling. Following an erratic increase during the first half of the autumn period, DRSi concentrations returned to the spring concentrations of 8-9 mg L 1 by mid October. The composition of the crustacean zooplankton community differed somewhat between the two sampling periods (Fig. 5) . Daphnia (D. retrocurva and D. mendotae) were the dominant Cladocera during spring but were less abundant in autumn when Bosmina and Eubosmina were more numerous. The spring zooplankton maximum of 63 organisms L 1 was reached on 20 June. Zooplankton were most numerous during the fall period on 10 October when an abundance of 65 organisms L 1 was measured. During both spring and autumn sampling periods, a similar range of zooplankton abundances was encountered.
Lab results
In the batch culture experiment, the maximum Aulacoseira ambigua abundance was achieved for most treatments near day 10 (Fig. 6) . Abundance was not significantly different between the three highest P concentration treatments (2X, 1X, and 1/2X) throughout the experiment. The 1/10X P treatment flasks had a significantly lower cell abundance compared to the higher P concentration treatments (p<0.01) beginning on day 6 and continuing through the end of the experiment. In addition to the influence on abundance, the lowest P treatment also affected A. ambigua filament length. Filament length in the 1/10XP treatment was significantly lower (p<0.01) than all other treatments from day 8 onward (Fig. 7) .
Discussion
The behavior of Trout Lake in 2006 is typical of temperate lakes and generally followed the seasonal development for a eutrophic system as described by the PEG model (Sommer et al. 1986) . Following the loss of ice from the lake in the spring and mixing of the water column, abundant nutrients triggered an increase in the abundance of primary producers which was reflected by high chlorophyll-a concentrations. In response to increasing food supply, zooplankton populations increased. As algae were re- moved from the photic zone through zooplankton grazing and sedimentation, the algal standing stock gradually decreased throughout the early part of the stratified period as evidenced by the gradual decline in chlorophyll-a concentrations. In October, as the thermocline deepened and nutrient-rich hypolimnetic water was entrained into the photic zone, production once again increased.
The observed temporal trends in Aulacoseira ambigua abundance and filament length are consistent with previous results from Trout Lake. In 2006, A. ambigua colonies were largest and most abundant early in the spring bloom and formed smaller colonies in autumn. This period of increased A. ambigua filament length in May corresponds to the previously observed shift in PBSi size distribution to larger size fractions (Poister & DeGuelle 2005) . Results of the current project indicate that the formation of A. ambigua colonies containing more cells contributed to the formation of larger diatom colonies in the spring. The formation of larger, more abundant filaments in May also coincides with periods of increased relative sedimentation observed in previous years (Poister & Armstrong 2003 , Poister et al. 1994 ). Data from 2006 support the interpretation that sedimentation was the fate of most of the large A. ambigua colonies growing during the spring bloom. The shift in A. ambigua toward lower depths during the spring bloom (Fig. 2) was likely caused by cells settling out of the photic zone which was never deeper than 11 m during the sampling period (LTER-NTL Data Set). Similar vertical trends in Aulacoseira subarctica distribution have been observed in other lakes and attributed to sedimentation (Interlandi et al. 1999) . During the autumn bloom, the mixed water column and smaller filament length enable A. ambigua to remain suspended in the water column. Similar seasonal differences in the size distribution and sedimentation rate of PBSi were measured in 2003 (Poister & DeGuelle 2005) . In addition, measurements of the P export ratio from 1986 through 1992 indicate that the relative sedimentation rate in Trout Lake generally peaks during the spring diatom bloom and increases to a lesser extent during the autumn bloom (Poister et al. 1994) . Seasonal increases in sedimentation in Trout Lake are driven by the settling of colonial diatoms, mainly Aulacoseira (Poister & DeGuelle 2005) . The consistent pattern of sedimentation is indicative of a consistent pattern of A. ambigua growth from year to year. The agreement between measurements made over the last 20 years indicates that the seasonal patterns of A. ambigua abundance and filament length observed in 2006 are typical for Trout Lake. Thus, the factors that control A. ambigua growth are likely to be those that change consistently as part of the annual biological, chemical, and physical cycles of the system. Changes in DRSi do not appear to be a driving force controlling A. ambigua abundance or filament length. DRSi concentration changed very little during the spring sampling period (Fig. 4) and the slight decrease during summer did not deplete DRSi to levels thought to be critical to the growth of Aulacoseira (Gibson et al. 2003; Kilham & Kilham 1975) . The concentration of DRSi was quite similar at the periods of maximum A. ambigua abundance during each sampling period but filament length was higher in spring. In Trout Lake, the increased sedimentation rate of the spring diatom bloom does not appear to be related to silica depletion as suggested by Conley et al. (1993) but is driven by some other factor creating larger and more abundant filaments of A. ambigua.
It seems unlikely that a chemical cue from grazing Daphnia triggered the increase in A. ambigua filament length in May. Although Daphnia were generally more abundant during the spring sampling period relative to the autumn, Daphnia abundance in May when A. ambigua filaments were large was not substantially higher than the abundance measured in October. However, this mechanism for A. ambigua filament length control should not be completely discounted since the slight filament length increase in October (Fig. 3) corresponded to a slight increase in Daphnia abundance (Fig. 5) .
One difference between conditions encountered by A. ambigua in May compared to November is the abundance of primary producers. Chlorophyll-a concentrations were higher in May despite the higher abundance of grazers which would likely reduce the standing stock of phytoplankton. The observed difference in chlorophyll concentration is consistent with differences in the rate of primary production as measured by C 14 incorporation rates which is generally higher in May than November (Adams et al. 1990) . It is likely that higher chlorophyll-a concentrations during the spring bloom reflect a greater abundance of nutrient resources. Because C : P molar ratios of suspended particles indicate that phytoplankton are P-limited throughout the year in Trout Lake (Poister et al. 1999 ), higher spring chlorophyll-a concentrations likely reflect greater P availability during the spring A. ambigua bloom relative to the autumn bloom period. Higher chlorophyll-a concentrations in spring were interpreted to indicate that A. ambigua growing during the spring bloom grew in a more nutrient-rich environment than those growing in autumn. This interpretation was the impetus for the previously described batch culture experiment designed to evaluate the effect of P depletion on A. ambigua abundance and filament length.
P availability was not measured directly as part of the current study. Previous attempts by the authors to measure soluble reactive P (SRP) during the spring bloom period in Trout Lake indicate that SRP concentrations are usually below the limit of detection for the traditional molybdenum blue method (Murphy & Riley 1962 1 by 10 July. In contrast, TP measurements made over the same depths ranged from 9.4 μg L 1 to 4.8 μg L 1 during the autumn sampling period. Although TP measurements do not assess the concentration of the bioavailable forms of P, these measurements indicate the system was more P-rich in early spring relative to autumn. In conjunction with the results of the batch culture experiments, the seasonal differences in TP concentration support the interpretation that increased P availability contributed to the formation of large A. ambigua colonies in spring.
In addition to the experiment to evaluate the effect of P availability on A. ambigua abundance and filament length described above, several other experiments were executed to assess the impact of other environmental variables that could explain the A. ambigua growth patterns observed in Trout Lake. Manipulated variables included light availability, medium dilution, and the presence of Daphnia from Trout Lake. While these experiments indicated that reduced resource availability decreases A. ambigua abundance, none of the variables had a significant impact on A. ambigua filament length. For example, when the concentration of all medium components was decreased to 1/10 original strength through dilution, A. ambigua abundance was significantly lower than full strength medium but filament length was not different.
Several experiments were also conducted to investigate the hypothesis that the increased competitor abundance experienced by A. ambigua during the spring bloom was the cause of the increased filament length rather than a response to P concentration. While the induction of larger colony size in diatoms by other phytoplankton has not been demonstrated to date, allelopathic colony induction has recently been demonstrated in other algae (Leflaive et al. 2008) . In these experiments, A. ambigua from Trout Lake were grown in the presence of competitors. A mixed culture established from the 2007 spring phytoplankton bloom from Trout Lake and a monoculture of green algae were both used to assess the direct impact of competitors. In both cases, the presence of the competitors decreased A. ambigua abundance relative to controls but had no effect on A. ambigua filament length. These results, similar to the results of the nutrient dilution experiment described above, suggest that while other phytoplankton may have contributed to the decrease in A. ambigua abundance in June by using available nutrients, they did not trigger the increases in filament length observed during May. Of the numerous batch culture experiments performed, only the 1/10XP treatment resulted in a significant difference in A. ambigua filament length relative to controls.
Results of the batch culture experiment support the hypothesis that the concentration of P influences seasonal differences in A. ambigua abundance and filament length. P depletion when other medium components were abundant leads to both a decrease in abundance (Fig. 6 ) and the formation of smaller colonies (Fig. 7) . Thus, the larger A. ambigua colonies formed in Trout Lake during the spring bloom are likely indicative of increased P availability at that time of year. Other chain-forming diatoms have shown a similar increase in filament length in response to greater nutrient abundance (Takabayashi et al. 2006) .
There are limitations to the application of the batch culture experiment results to explain the trends in A. ambigua abundance and filament length observed in Trout Lake. Factors such as turbulence that could create differences in the growing environment for A. ambigua between the bloom periods were not measured in the field or investigated in the lab as part of the current project. The variables manipulated in laboratory-based experiments were identified as potential influences on A. ambigua growth patterns through the interpretation of measurements from the field. While these results do not offer a comprehensive assessment of the factors that influence A. ambigua filament length and abundance, some relevant conclusions can be drawn. First, nutrient limitation and the relative scarcity of P restrains A. ambigua abundance. This result is not surprising because other studies indicate that Aulacoseira are not particularly effective competitors for nutrients in low P environments (Interlandi et al. 1999) . The second and more significant conclusion is that P limitation not only decreases A. ambigua abundance but contributes to the formation of smaller colonies as well.
The formation of larger A. ambigua colonies in response to P abundance in spring is particularly important in Trout Lake given the impact of A. ambigua sedimentation on nutrient availability in the system. These results may contribute to a better understanding of nutrient-production relationships in other temperate, stratified lakes. Examination of multiple lakes of varying trophic status indicated that more productive systems use nutrients less efficiently than oligotrophic systems when nutrient supply and productivity are averaged over the entire year (Harris 1986 ). However, other studies using measurements of nutrient regeneration rates made during the summer in multiple lakes indicate that higher productivity was not correlated with less efficient nutrient use (Baines & Pace 1994 , Guy et al. 1994 , Hudson et al. 1999 . The role of spring diatom sedimentation as a mechanism that can decouple spring total P from summer production and therefore explain these apparently disparate conclusions has been previously discussed (Kufel 2001 , Poister & DeGuelle 2005 . The results of the current project may offer an explanation as to why this decoupling intensifies in more nutrient-rich waters with high abundance of large planktonic diatoms. In Trout Lake, the extent of the spring bloom of A. ambigua, the dominant colonial diatom, largely determines the magnitude of nutrient removal by sedimentation in May and June (Poister & Deguelle 2005) . Spring sedimentation removes nutrients from the photic zone and limits the amount of nutrients available for regeneration during the ensuing stratified period, thus decreasing summer productivity. The current project indicates that the availability of nutrients, particularly P, determines the extent of the A. ambigua bloom in Trout Lake. In addition, increased P availability contributes to the formation of larger A. ambigua filaments with higher settling velocities. If the concentrations of P were higher during spring, one would predict a more extensive A. ambigua bloom consisting of larger filaments which would result in an increase in nutrient sedimentation. Higher rates of sedimentation would decrease the proportion of spring nutrients remaining in the epilimnion to support production during the summer.
The extent to which other lakes function as Trout Lake does with regard to diatom-controlled sedimentation is beyond the scope of this paper. However, these results reveal a mechanism that may explain the previously conflicting results regarding the relationship between trophic status and the efficiency of nutrient regeneration (Baines & Pace 1994 , Guy et al. 1994 , Harris 1986 , Hudson et al. 1999 . If other lakes are similar to Trout Lake with respect to the impact of nutrient availability on the production of colonial diatoms in the spring, more nutrient-rich lakes will have more extensive diatom blooms and higher spring sedimentation rates. In increasingly productive lakes, a larger fraction of the total nutrient pool will be transported out of the photic zone in the spring, limiting the size of the nutrient pool available for water column regeneration processes during the stratified period. This mechanism decreases the efficiency of nutrient regeneration in more productive lakes in the spring and on an annual basis but does not impact the rate of regeneration measured at the peak of summer productivity.
